The hg19 assembly of the human genome is the most heavily annotated and most commonly used reference to make variant calls for individual genomes. Based on the phase 3 report of the 1000 genomes project (1000G), it is now well known that many positions in the hg19 genome represent minor alleles. Since commonly used variant call methods are developed under the assumption that hg19 reference harbors major alleles at all the~3 billion positions, these methods mask the calls whenever an individual is homozygous to the minor allele at the respective positions. Hence, it is important to address the extent and impact of these minor alleles in hg19 from the point of view of individual genomes.
Introduction
The version of the human genome assembly, hg19, is the most widely used and the most heavily annotated human genome to date and continues to serve as a strong foundation toward deciphering the role of gene expression, genetic variation, disease predisposition and population diversity. The hg19 assembly is now routinely used in profiling variants from genomes of individuals for use in forensics, diagnostics, genetic disorders, and disease management. The underlying assumption being that hg19 harbors major alleles at all 3 billion positions. However, as more and more genomes of individuals from diverse ethnicity is sequenced, such as the 1000 genomes project, it is becoming clear that significant positions on the hg19 reference assembly, which is the mosaic of genomes from six diverse individuals ª 2016 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. (Venter et al. 2001 ), do not represent major alleles at all three billion positions. This scenario is changing as genomes of more individuals are sequenced.
The 1000 genomes project was launched in 2008 to identify and catalog all SNPs in the human population (1000 Genomes Project Consortium et al. 2015 . The individuals nominated for sequencing include individuals selected from 26 different geographical locations around the globe weighted by the size of the populations. By the close of the project in 2015, genomes and exomes of 2692 individuals from diverse ethnicity were sequenced, analyzed, and results made available to the public repositories. Not surprisingly, many of the alleles in hg19 turned out to be minor allele based on the variant calls from 1000 genomes project.
The concept of major allele reference genomes representing different ethnic populations has been proposed (Dewey et al. 2011) . Here, the authors have used the major alleles from 1000 genomes project to create ethnically concordant reference sequence to improve genotype accuracy. They also show how ethnicity-based approaches can help interpret genetic variation in the context of disease-risk prediction. However, the impact of minor alleles in hg19 on the ongoing efforts to variant calling from individual's genomes is not yet addressed.
The major assumption in any variant calling method a is that the reference genome harbors major alleles at all the three billion positions on the human chromosomes. In other words, positions where individual genomes are homozygous to the alleles present in the reference genome carries no information about the respective individuals, ethnicity, ancestry, predisposition, or their disease condition. Under this assumption, minor alleles in the reference genome will mask reporting of the minor alleles present in individual genomes, resulting in false negatives. The extent of false negatives will directly depend on the number of minor alleles among the three billion positions in the hg19 assembly and the extent of diversity at these positions within a given genome or population. Here, we address the extent of false discovery in variant calling approaches commonly used.
Materials and Methods
The hg19 reference sequence, as used by the 1000 genomes project, was downloaded directly from the 1000 genomes ftp repository (ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/ technical/reference/). The variant file from the phase 3 of the 1000 Genomes Project was downloaded from the 1000 genomes project website (ftp://ftp.1000genomes.ebi.ac.uk/ vol1/ftp/release/20130502/). The coordinates in the 1000 Genomes variant call-set that had an overall alternate allele frequency of more than 0.5 were extracted. These positions were changed in hg19 with the major allele in these positions from the 1000 genomes project using GATK's AlternateReferenceMaker tool to create a new reference called hg19K. Positions that had multiple alternate alleles were discarded.
Whole genome sequences from five individuals from ERP006077 dataset in the public repository were selected based on similar depth of sequencing. These samples are from prostate tissues of individuals with cancer. Samples were mapped onto both hg19 and hg19k using Bowtie2, duplicates were removed using Picard Tools and singlenucleotide variants were called using SAMtools mpileup and BCFtools. The variant calls were filtered by read depth of at least five and a variant quality of at least 30. The filtered set of SNPs for each sample was annotated against the reference sequences using the SnpEff software (Cingolani et al. 2012) . For annotating against hg19, we used the database available with SnpEff. However, for annotating the SNVs from hg19k, a new database for SnpEff was built using the hg19K genome. The hg19K reference and the associated SnpEff database are available upon request to the corresponding author.
For validation of the extent of false negatives using hg19 as reference in other ethnicity with normal biology, we have repeated the pipeline on genome sequence of similar depth from normal samples of two Indians from a remote corner of Karnataka state. Also for these samples, we used modified pipeline that replaces mapping by BWA instead of Bowtie2.
Results
According to the genomes and exomes of 2692 individuals, sequenced, analyzed, and reported as part of the 1000 genomes project, there are 81 million SNPs compared to the hg19 reference, out of which hg19 harbors minor alleles at 1.9 million positions. Figure 1 shows the allele frequencies and distribution of the 1.9 million variants in the hg19 reference. Figure 1A shows both the overall distribution of allele frequencies at the 81 million positions (red) and the frequency distribution of the 1.9 million minor alleles in hg19 (inset). The number of minor alleles with frequencies below 0.5 in hg19 is uniformly distributed across various frequency levels. For example, the number of minor alleles in hg19 with allele frequencies between 0 and 0.1 is 374607, between 0.1 and 0.2 is 2856603, between 0.2 and 0.3 is 340144, between 0.3 and 0.4 is 400727, and between 0.4 and 0.5 is 479231. In Figure 1B the distribution of these 1.9 million SNPs across the human chromosomes is shown. Except in regions marked blue (low density) and red (high density) in the bottom of each chromosome in Figure 1B , the 1.9 million minor alleles are distributed uniformly over the lengths of all the chromosomes.
Using current approaches for variant calling using hg19, it is not possible to profile the 1.9 million minor alleles across population because variations are called with respect to the hg19 alleles. To demonstrate the significance of the 1.9 million minor allele positions from the point of view of individual genomes, we have created a reference genome, hg19K, that replaces the alleles at the 1.9 million positions in the hg19 reference with the major alleles at the respective positions as reported in phase 3 of the 1000 genomes project.
Using both hg19 and hg19K as reference genomes, variant calls for genomes from five individuals, downloaded from the public repository, were performed. These samples were from prostate tissues of individual of undisclosed ethnicity diagnosed with cancer. Around 3.54 (AE0.03) million and 2.71 (AE0.02) million variant calls are predicted for the five genomes using hg19 and hg19K, respectively. As shown in Figure 2 and Table 1 , a large Lists number of variant calls using both hg19 and hg19K. First 5 rows in column 1 are samples used as test and last four rows are used for validation. Columns 2-6 are variant calls using the two references along with number of variants common to both (column 4) and unique to the two (column 5-6). Columns 7-9 show overlap of these variants with the 1.9 million minor allele positions in hg19. Last two columns list the percentage of false positive and negative calls per sample using hg19 as reference. number of these calls (~2.47 AE 0.03 million) were commonly predicted using both references. Among these positions, using both the reference genomes,~20% (percentage computed for columns 7 with respect to 4 in Table 1 ) were at positions common to both predictions. These positions are where hg19 harbors minor alleles (1.9 million) and were heterozygous in respective samples. The~1 million variants calls uniquely predicted using hg19 (column 8 in Table 1 ) overlap with the 1.9 million minor allele positions. These are actually the major alleles at these positions according to the 1000 genomes project, and are clearly false positives in variant calls using hg19 as reference. In other words, there is over-representation of variant in hg19-based calling at these positions burdening downstream analysis and annotation. On the other hand, majority of the~0.25 million positions (column 6 of Table 1 ) uniquely predicted by hg19K-based calling and missed by hg19, are at positions where individuals are homozygous to the minor alleles in hg19. These SNVs are false negatives in hg19-based prediction. Figure 2 shows the overall percentage of SNVs predicted for the five genomes. The Venn to the left shows minor to major allele distribution within the 81 million SNPs reported by phase 3 of 1000 genomes project, and the Venn on the right shows the distribution of the predicted SNVs from individual genomes using hg19k. According to this, 25% of the SNVs from individual genomes fall within the 2% (1.9 million) of the major alleles contained in the 81 million SNPs reported by phase 3 of the 1000 genomes project. In other words, although hg19K and hg19 only differ at 1.9 million positions, which is only 2% of all SNPs reported by 1000 genomes Lists 34 nonsynonymous mutations with allele frequencies <10%. Column 2 represents the nucleotide substitution as per hg19K reference. Column 3 represents the gene in which the mutation lies, and Column 4 gives the corresponding amino acid substitution. Column 5 is the allele frequency for the alleles in hg19.
project, 25% of the individual variations are confined to these positions. These findings are now validated in normal samples from potentially different ethnicity using both bowtie and BWA. Table 1 compares the results from the five test samples and the two validation samples using both bowtie and BWA. We have shown that irrespective of the mapping tools, ethnicity or disease state, the percentage of false positives and false negatives remain significantly high at~30 and~7, respectively using hg19 as reference. Figure 3 shows the allele frequencies of the variants in all five samples predicted by hg19K but missed by hg19. As shown in Figure 3A , a number of variants from all five samples have allele frequencies of <50%, which includes some predicted as deleterious with allele frequencies of <0.1. The average number of missense mutations with allele frequency between 0.0 and 0.1 is 10, between 0.1 and 0.2 is 43, between 0.2 and 0.3 is 111, between 0.3 and 0.4 is 204, and between 0.4 and 0.5 is 395. Figure 3B shows diversity in SNVs among the genomes of the five individuals that were unique to hg19K-based predictions, suggesting the importance of these positions to genetic diversity studies. There are 34 missense mutations reported uniquely by hg19K across the five samples with AAF <0.1 as shown in Table 2 . Although these are classified as nonsynonymous mutations using the SnpEff database compatible to hg19K (created in-house), they are actually the broadly accepted reference allele at those positions in hg19. In four out of the five nonsynonymous mutations reported in Table 2 with allele frequency <3%, the amino acid coded by the reference allele in hg19 suggests deleterious mutation. For example, as shown in Figure 3C , the allele at position chr17:37101380 in hg19 codes for Glutamine, which is not only Arginine in hg19K but Arginine is conserved across species. This is true for majority of the nonsynonymous mutations reported in Table 2 . Unfortunately, all the currently used function prediction tools are built with hg19 alleles and hence, could not be used for more systematic function prediction at the 1.9 million minor allele positions. Since the human reference proteome is built using hg19 as reference, the mutations reported here has relevance to the study of human biology in general.
Discussion
The work reported here reveals a lacuna in hg19-based variant calling of individual genomes, especially in population genetics and in some cases to personalized medicine. As demonstrated here, as high as~8% of the variants can be missed and~30% false positives can result from hg19-based variant calling. Currently, the high levels of false positives overwhelm the downstream analysis. We have created hg19K, a reference genome representing the mosaic of major alleles from both the 1000 genomes project phase 3 variants and hg19. The reference hg19K is far from complete as it only considers replacing SNPs in this version. A more complete reference genome of major alleles would require replacement of major alleles of other types, such as INDELs, CNVs, and translocation reported in the 1000 genomes project. However, replacing these would disturb the coordinate frame of hg19 rendering it less useful.
To the best of our knowledge, this is a first attempt to improve human reference genome horizontally. A reference genome representing the mosaic of all major alleles is a dynamic process. As more and more genomes are sequenced more sites in hg19 will emerge as harboring minor alleles. However, considering that the individuals selected by the 1000 genomes project are from diverse ethnicity from across the world, the major alleles reported by the 1000 genomes project and hg19 together is likely to remain stable over time; making hg19K stable and useful over the foreseeable future.
